Western Kenya suffers a highly endemic and also very heterogeneous epidemic of human immunodeficiency virus (HIV). Although female sex workers (FSW) and their male clients are known to be at high risk for HIV, HIV prevalence across regions in Western Kenya is not strongly correlated with the fraction of women engaged in commercial sex. An agentbased network model of HIV transmission, geographically stratified at the county level, was fit to the HIV epidemic, scale-up of interventions, and populations of FSW in Western Kenya under two assumptions about the potential mobility of FSW clients. In the first, all clients were assumed to be resident in the same geographies as their interactions with FSW. In the second, some clients were considered non-resident and engaged only in interactions with FSW, but not in longer-term non-FSW partnerships in these geographies. Under both assumptions, the model successfully reconciled disparate geographic patterns of FSW and HIV prevalence. Transmission patterns in the model suggest a greater role for FSW in local transmission when clients were resident to the counties, with 30.0% of local HIV transmissions attributable to current and former FSW and clients, compared to 21.9% when mobility of clients was included. Nonetheless, the overall epidemic drivers remained similar, with risky behavior in the general population dominating transmission in highprevalence counties. Our modeling suggests that co-location of high-risk populations and generalized epidemics can further amplify the spread of HIV, but that large numbers of formal FSW and clients are not required to observe or mechanistically explain high HIV prevalence in the general population.
Introduction
Kenya is ranked among the countries with the greatest number of people living with HIV (PLHIV) in the world, with an estimated population of 1.5 million PLHIV (NASCOP, 2016) . The country's most affected region is the former Nyanza province in Western Kenya, comprised of six counties e Siaya, Homa Bay, Kisumu, Migori, Nyamira, and Kisii. Of these six counties, the first four experience extremely high HIV prevalence. The 2012 AIDS Indicator Survey found that approximately 1 out 4 adults in Siaya and Homa Bay counties were living with HIV, as were 1 out of 5 adults in Kisumu and Migori counties (NASCOP, 2014a) . Some studies attribute high HIV infection rates to high levels of risk in the general population (Blaizot et al., 2016; Wachira, Kimaiyo, Ndege, Mamlin, & Braitstein, 2012) , especially youth (Alsallaq et al., 2017; Wachira et al., 2014) and those living in communities with historically low rates of male circumcision (Anderson et al., 2014) , while others have reported that high-risk sub-populations such as female sex workers (FSW) contribute substantially to HIV transmission in this region (Gouws & Cuchi, 2012; Vandenhoudt et al., 2013) .
The population of FSW has been quantified throughout Kenya using a two-stage approach with geographical mapping of locations identified by key informants, followed by enumeration of FSW at the identified locations (Odek et al., 2014) . The enumeration study included street-based, home-based, venue-based, road (truck stop) based, sex den based, massage parlour based, and escort services-based FSW. In Nyanza, the highest proportion of FSW in any town or city was found in Kisii, where FSW comprised 21% of women ages 15e49 residing in Kisii town in 2012. Because Kisii County is largely rural, the proportion of FSW county-wide is similar to that of Kisumu County, where FSW comprise 4% of the population of Kisumu city, but the city itself contains a larger proportion of the county's population. Nonetheless, this remarkably high proportion of FSW was found despite Kisii having the lowest HIV prevalence in Nyanza (NASCOP, 2014a) .
Mobility of high-risk populations could potentially explain the contrast between the high rates of FSW and relatively low HIV prevalence. Kisii town is situated at the intersection of two highways ( Fig. 1 ) and experiences substantial throughmigration. Since the early rise of HIV in the region, migrant populations such as long-distance truck drivers have contributed to HIV transmission in such areas (Mbugua et al., 1995) . Household-based surveys may not capture populations that are not resident within the county, yet contribute to local HIV transmission.
We used an epidemiological model to investigate whether mobility of high-risk populations is necessary to explain the epidemic patterns observed in Nyanza, and the extent to which assumptions about mobility influence patterns of HIV transmission. To capture overall patterns of HIV transmission, we made use of an available agent-based HIV model, EMOD-HIV, which includes networks of relationships, HIV risk groups and risk factors such as medical male circumcision (MMC), age patterns of partnerships, and geography. By fitting the model under different assumptions about the mobility of sexual partners of FSW, we sought to gain insights into the influence of mobility on patterns of HIV transmission. (Homa Bay, Siaya, Kisumu, Migori, and Nyamira, orange) , and the counties of Kenya not included in this modeling exercise (blue). Inset shows the location of Kisii town.
Methods

Epidemiological model
Modeling was conducted using the epidemiological modeling software EMOD-HIV version 2.5 (IDM EMOD, 2017), available at https://github.com/InstituteForDiseaseModeling/EMOD and described in detail at www.idmod.org/idmdoc and elsewhere (Bershteyn et al., 2012 (Bershteyn et al., , 2013 (Bershteyn et al., , 2016 Klein et al., 2014 Klein et al., , 2015 . A PDF snapshot of the model documentation is available with this publication as Supplementary Appendix 2, of which Section 1 describes the network assumptions, Section 2 describes the natural history and impact of treatment, Section 3 describes assumptions around transmission and interventions, and Sections 4 and 5 describe the cascade of care, cascade of prevention, and other options for simulating interventions.
Briefly, EMOD is an agent-based network model of HIV transmission that incorporates age-specific fertility and age/sexspecific non-AIDS mortality rates, four types of sexual partnerships (marital, informal, transitory, and commercial) that are remembered over time and formed according to specifiable partner age patterns, and a detailed care cascade with different modalities of HIV testing and time-variable rates of linkage, retention in care, treatment eligibility, and retention on antiretroviral therapy (ART).
Geographic stratification
EMOD was configured to model the six counties of the former Nyanza Province, including county-specific demographics, MMC and ART, and fitting to county-level HIV prevalence estimates. Counties were represented as geographic nodes (Institute for Disease Modeling, 2017) in the EMOD software. Node populations, age-specific fertility rates, and mortality rates were obtained from the UN World Population Prospects Data Query. Non-AIDS background mortality was estimated by projecting age-specific declines in mortality preceding the AIDS epidemic ( Supplementary Fig. 1) .
The model incorporated county-specific male circumcision rates by age and time. Baseline rates of traditional circumcision were obtained from the 2008e2009 Kenya Demographic and Health Survey (KNBS, 2010) and assumed to occur prior to sexual debut. Age-specific circumcision rates during scale-up of voluntary MMC were obtained from the PEPFAR online dashboard (PEPFAR) and the Kenya Ministry of Health. Reduction in HIV acquisition rate was assumed to be 60% for all circumcisions (Auvert et al., 2005; Bailey et al., 2007; Gray et al., 2007) .
Numbers on ART per county, stratified by sex, were obtained from the Kenya Ministry of Health matching the assumptions used to configure the Spectrum software. In addition to extending life, it was assumed that ART reduced infectiousness by 92% (Donnell et al., 2010) .
High-risk populations
The modeled population in EMOD was stratified into three levels of sexual risk behavior: low, medium, and high. Mediumrisk individuals were assumed to be part of the general population, but to have an increased propensity to form multiple concurrent partnerships and, consequently, more lifetime partnerships. Due to the lack of reliable measurements on the proportion of the general population exhibiting medium-risk behavior, the proportion medium-risk was varied at the county level in order to fit county-level trends in HIV prevalence, and the resulting values are shown on the first six rows of Supplementary Table 1 for each of the six counties modeled.
High-risk individuals were defined as FSW and their male clients. FSW populations by county were obtained from a 2012 enumeration study (Odek et al., 2014) and aggregated by county. County populations were obtained from projections of the 2009 Kenya Population and Housing Census (Kenya National Bureau of Statistics, 2009). County-wide FSW population proportions were estimated as the ratio between the middle estimate of FSW population and the projected adult female population in the county. Women were assumed to engage in FSW beginning zero to five years after sexual debut, uniformly distributed (International Organization for Migration, 2010, p. 60; Musyoki et al., 2015) . The duration of time until cessation of FSW was Weibull-distributed with a mean of 5.4 years and a 95% confidence interval of 2e9 years, so as to match the age distribution observed in FSW surveys (International Organization for Migration, 2010, p. 60; Musyoki et al., 2015; Odek et al., 2014) . Further details about the modeling of FSW and clients can be found in Supplementary Appendix 1.
Mobility assumptions
Two separate fits of the model were performed under different assumptions about mobility among high-risk males, defined as clients of FSW. Under one set of assumptions, all clients were assumed to be resident to the county in which the FSW were enumerated. High-risk individuals, both FSW and their clients, had the opportunity to participate in all other forms of relationships (transitory, informal, and marital), thus mixing with the general population.
Under a second set of assumptions, a proportion of male clients of FSW were assumed to participate only in short-term commercial partnerships with other high-risk individuals, but were not permitted to participate in other relationship types (transitory, informal, or marital) within the county. The proportion of male clients considered to be resident (i.e., permitted to mix with the general population via longer-term relationships) was set to that of the county with the smallest proportion of FSW/clients, which was Homa Bay with a FSW proportion of 0.4%. For example, in Homa Bay itself, all clients were assumed to be resident, whereas in Kisii e where the proportion of the population who are clients of FSW was three times that of Homa Bay e only one-third of clients were considered to be resident to the county.
An important limitation of this approach is that migration between counties was not included. Although the EMOD software does allow for configuration of age/sex-specific migration rates and the impact of migration on relationship stability and partner migration, in this case data were lacking on the county of residence for the population strata of interest, particularly FSW and clients in a given county. Thus, transmission of HIV across county lines was not included in the model, and the contributions of each county to the overall number of transmissions in Nyanza was simply calculated as a proportion of total transmissions in the region.
HIV prevalence
Microdata from two Demographic and Health Surveys (Central Bureau of Statistics -CBS/Kenya, 2004; KNBS, 2010) and two AIDS Indicator Surveys (NASCOP, 2014a,b) were obtained from the DHS Program (The DHS). Prevalence estimates and 95% confidence intervals by county, age, and sex were computed using the survey package (Lumley, 2004 ) in R. County-level estimates for the 2012 AIDS Indicator Survey (but not other surveys, which were conducted prior to the 2010 dissolution of provinces as a level of governance) were obtained from the DHS Program's StatCompiler to validate the calculations.
Model calibration
Fitting was performed using Alaeddini and Klein's parallel simultaneous perturbation optimization (PSPO) algorithm (Alaeddini and Klein, 2017a,b) , a method that extends Spall's second-order stochastic optimization algorithm (SPSA) (Spall, 1992 (Spall, , 2000 to take greater advantage of parallel computing. The number of parallel rounds M was set to sixty for each of the calibrations compared in this analysis. After performing PSPO, a set of 250 model trajectories were selected using roulette resampling in proportion to likelihood. The selected parameter values are listed in Supplementary Table 1 for each of the two calibrations performed for the analysis.
Transmission patterns
To investigate the extent to which assumptions about FSW client residency influenced transmission patterns, individual transmission events in EMOD-HIV were logged using the EMOD configuration parameter "Report_Transmission." Transmission events were stratified according to the county and risk level of the transmitter and the recipient of each infection. The level of risk attributed to a transmission event was defined as the highest level of risk to date for the individuals involved. For example, if an individual became infected as a result of high-risk behavior, and later transmitted to a partner after having ceased high-risk behavior, the transmission to the partner would be considered to have originated from a high-risk individual.
Results
The EMOD-HIV model of Western Kenya was able to incorporate the epidemic characteristics across the six counties of Nyanza (Table 1) under two extreme assumptions about FSW client residency. Even when all FSW clients were assumed to be resident to the county where FSW were enumerated, the model was able to fit the epidemic trends (Fig. 2) . For example, in Kisii, the model was able to reproduce the relatively low HIV prevalence observed in household surveys, despite a relatively high proportion of the population exhibiting high-risk behavior (FSW and clients). The seemingly disparate trends in FSW population versus HIV prevalence were offset by (1) high rates of male circumcision, especially traditionally practiced circumcision predating the start of the HIV epidemic (Table 1 , middle section), and (2) the proportion of the general population with a higher propensity to have multiple concurrent partners ("medium" risk, Supplementary Table 1, first six rows). The model was also able to fit the epidemic trends when a proportion of FSW clients (any exceeding that of Homa Bay, the county with the smallest proportion of FSW) was assumed to not be resident to the county (Supplementary Fig. 2) .
Although extreme assumptions about the residency of "high" risk individuals did not prevent the model from fitting epidemic trends, these assumptions did influence the relative contributions of different sub-populations to HIV transmission and acquisition (Fig. 3) . High-risk individuals, defined as current and former FSW and their clients, transmitted 30.0% of new infections in the 2015e2019 time period under the assumption that all clients were resident to the county where FSW were enumerated. The proportion of new infections received by high-risk individuals was smaller than the proportion transmitted, an expected trend for a group that connects many individuals in a contact network.
Under the second set of assumptions, all clients in Homa Bay (the county with the lowest FSW proportion) were assumed to be resident, and the proportion exceeding this in other counties was assumed to be non-resident. When the model was fit under the assumption that a proportion of the clients of FSW are not resident to the county, the fraction of new infections transmitted by high-risk individuals accounted for 21.9% of new infections (Fig. 4) . As with the fully-resident assumption, the fraction of new infections among high-risk individuals was 16.7%, smaller than the fraction of transmissions.
Despite both models fitting prevalence trends by county, the shift in assumptions about residency also influenced the relative contributions of each county to transmissions and new infections in Nyanza. Kisii, the lowest-prevalence county but with a relatively high proportion of FSW, accounted for 10.0% of Nyanza's new infections in the 2015e2019 time period under the residency assumption, but only 5.5% under the assumption that some clients were non-resident. Regardless of the assumption about residency, the proportion of transmissions originating from FSW and their clients was very large in Kisii: 54.3% assuming full residency and 46.2% including some non-residency. In contrast, the proportion of high-risk attributable transmissions in Homa Bay was 10.5% and 9.5%, and in Siaya was 25.6% and 17.5%, under the two respective assumptions about residency, indicating that transmission in those high-prevalence counties was predominantly among the general population (See Table 2 ).
Discussion
At first glance, findings from FSW enumeration seem incongruous with the patterns of HIV prevalence in Nyanza. Kisii County has the region's lowest HIV prevalence, but among the highest proportions of women identified as FSW, with 21% of 15e49 year old women in the urban area of Kisii town identified as FSW in a recent enumeration study (Odek et al., 2014) .
The enumeration of FSW as a population fraction is subject to multiple sources of uncertainty. Odek et al. (2014) estimated the uncertainty arising from the enumeration strategy. For Kisii, the estimated range on the number of FSW leads to an (Leidich et al., 2018) .
Using a mechanistic, internally-consistent, demographically detailed model of HIV transmission in this region, we asked whether the differences in FSW patterns and HIV epidemic patterns could be reconciled in an epidemiologically consistent way. Though we hypothesized that mobility of high-risk populations would be necessary to reconcile HIV prevalence and FSW enumeration, we found that this was not the case. The residency of FSW clients was not identifiable based on overall epidemic trends. Risky behavior among the general population, as well as historic differences in male circumcision since the start of the epidemic e some of which still persist despite great success in scaling up MMC (Akullian, Onyango, Klein, Odhiambo, & Bershteyn, 2017 ) e appear to be the main drivers of geographic differences in HIV prevalence across Nyanza.
The potential for migration among high-risk populations introduces uncertainty as to whether HIV prevalence measured in household surveys necessarily captures the epidemic characteristics of areas with the largest FSW populations. Kisii town, for example, is located by the intersection of two highways (Fig. 1) , which likely contribute to the pool of clients for the large FSW population enumerated there. Lack of client residency was compatible with the epidemic trends observed, but was not necessary for the model to fit epidemic trends.
Regardless of assumptions about residency, a majority of transmissions in Kisii originated from FSW and clients, whereas in Homa Bay and Siaya, a majority of transmissions were attributable to "medium"-risk individuals, i.e., those in the general population who have greater propensity for having multiple partners. Kisumu and Migori exhibited more mixed epidemics, with "high" and "medium" risk populations contributing about equally to HIV transmission. Further, under both sets of assumptions about residency, high-risk individuals were responsible for more transmission than acquisition of HIV. Regardless of assumptions about residency, high-risk groups were responsible for approximately four HIV transmissions for every three HIV acquisitions.
Instead of modifying the role of risk groups in HIV transmission, model assumptions about residency changed the relative contributions of each county toward overall HIV transmission in the Nyanza region. When clients were assumed to always reside in the county in which they interact with FSW, the higher-FSW counties such as Kisii contributed a larger proportion of HIV transmissions. In part, this result is a consequence of a limitation of our model: lacking information about the residency of FSW clients, the model did not account for transmissions to partners outside of the county. The finding is also symptomatic of limitations in HIV prevalence data: although HIV prevalence in the region of Nyanza is well-constrained, there is greater uncertainty in measuring HIV prevalence at the county level due to smaller sample sizes. Thus, epidemic patterns are not known with sufficient accuracy for these patterns to fully inform the role of FSW and their clients in the region's HIV epidemic, even when their populations have been enumerated at the county level.
An important limitation of this research is the lack of data on the county of residence of FSW and client populations. Although one of the modeling scenarios assumed that clients were not resident to the county where they interacted with FSW, their transmission to stable partners in their counties of residence were not included in the model.
It is important to note that the FSW enumeration used to define "high" risk populations emphasizes formal FSW identified by secondary informants. Less formal means of risky behavior, including transaction-driven behaviors such as the practice of jaboya in fishing communities (Njuguna et al., 2014; Opio, Muyonga, & Mulumba, 2013; Seeley et al., 2012) , as well as cultural practices associated with risky behavior such as disco matanga (Njue, Voeten, & Remes, 2009) , are broadly incorporated in the "medium" risk behavior ascribed to a proportion of the general population. Though some of these behaviors have been described qualitatively, improved quantitative understanding of their extent and geographic distribution can help identify risky behaviors associated with HIV transmission in the diverse epidemic settings across Western Kenya. 
Conclusions
Globally, FSW populations are not necessarily co-located with highly generalized epidemics. The same is true for Western Kenya, where high population proportions of FSW are enumerated in some regions with relatively high HIV prevalence (e.g., Kisumu), and others with relatively low prevalence (e.g., Kisii). A detailed model that accounts for county-level differences in demographics, male circumcision, and risky behavior in the general population can successfully reconcile disparate patterns of FSW and HIV prevalence in Western Kenya, finding similar roles for high-risk populations in HIV transmission, regardless of assumptions about mobility of these high-risk populations. The model was able to fit an HIV epidemic either assuming that clients of FSW are resident to the county where FSW were enumerated, or assuming that they are not county residents. However, absent data about the county of residence of FSW and their clients, the model did not explicitly include inter-county migration of these key populations. Further research and modeling are required to understand the role of mobility in the contributions of key populations to highly generalized HIV epidemics such as that of Western Kenya.
